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ARTICLE INFO ABSTRACT

Keywords: Surface oxygen functional groups of biochar were tuned by oxidation and reduction of biochar for
Biochar ) establishing Cr(VI) adsorption mechanism. Oxygen functional groups (OFGs) on the surface of
Hexavalent chromium leached rice straw biochar (LBC4-6) obtained from pyrolysis at 400, 500 and 600 °C, were

Oxidized biochar

Graphene oxidized to furnish OBC4-6 using modified Hummer’s method. Reduced biochar RBC4-6 were

Graphene oxide obtained by esterification and NaBH4/I reduction of oxidized biochar (OBC4-6). The modified

Reduced graphene oxide biochar were characterized by increase in O/C and H/C ratio, respectively, in case of OBC4-6 and

Reduced biochar RBC4-6. The Cr(VI) adsorption by modified biochar LBC4-6, OBC4-6, and RBC4-6 showed opti-
mum conditions of pH 3 and dose 0.1 g/L with a good non-linear fit for Langmuir & Freundlich
isotherm. The maximum adsorption (Q,) followed the trend: OBC4 (17.47 mg/g) > RBC4
(15.23) > OBC5 (13.23) > LBC4 (10.23) > RBC5 (9.83) > OBC6 (9.60) > RBC6 (7.24) > LBC5
(6.32) > LBC6 (5.98). The adsorption kinetics for adsorption of Cr(VI) on to modified biochar fits
pseudo second order (PSO), Elovich and intraparticle diffusion kinetics, showing a chemisorp-
tions in case of biochar L/O/RBC4-6. The lower temperature modified biochar O/RBC4 show
better Cr(VI) adsorption. X-ray Photoelectron Spectroscopy (XPS) studies establish optimum OFGs
for reduction of Cr(VI) and chelation of the reduced Cr(IIl). Adsorption and stripping cycles show
the oxidized and reduced biochar as better adsorbents with excellent stripping of Cr up to >98 %
upon desorption with 1 M NaOH.

1. Introduction

Increase in heavy metal in environment is attributed to industrialisation and improper hazardous waste management. Cr is one of
the most commonly found heavy metal pollutant in environment. Various anthropogenic sources including tannery, electroplating,
smelting, agriculture, construction and electronic manufacturing [1] contribute for Cr in our environment. Cr exists as hexavalent
chromium (Cr(VI)) and trivalent chromium (Cr(IIl)) in the water bodies. Chromium contaminated water bodies pose a significant
threat to human health, as exposure to chromium can result in various adverse health effects [2]. Remediation of Cr is a major
challenge due to its high toxicity and persistence in the environment. Cr(III) is an essential nutrient for plants and animals, while Cr(VI)
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Abbreviation

Cr(VI) Hexavalent Chromium

TCLP Toxicity Characteristic Leaching Procedure

LBC4-6 Leached BioChar pyrolyzed at 400, 500 and 600 °C temperature
OBC4-6 Oxidized BioChar pyrolyzed at 400, 500 and 600 °C temperature
RBC4-6 Reduced BioChar pyrolyzed at 400, 500 and 600 °C temperature
FT-IR Fourier Transform InfraRed

FESEM  Field Emission Scanning Electron Microscopy

BET Brunauer—-Emmett-Teller
BJH Barrett-Joyner-Halenda
XPS X-ray Photoelectron Spectroscopy

is highly toxic, mutagenic, and carcinogenic [3-5]. Treatment and removal of Cr from water/wastewater is carried out using tech-
niques namely, chemical precipitation [6], reverse osmosis [7], electrocoagulation [8], nanofiltration [9], bioremediation [10],
membrane separation [11], and (ad)sorption [12-14]. However, these techniques have significant drawbacks, including incomplete
removal of Cr(VI), poor selectivity & scalability, high costs & energy consumption, sludge waste and adaptability in industrial setup.
On the other hand, adsorption is a surface technology, wherein chromium would be retained on the solid surface of the adsorbents and
separated from the wastewater. Adsorption is a relatively cost-effective, low-energy process that is easy to implement, acceptable as
technology for treatment of water [15]. Thus, adsorptive removal of Cr from various process wastewaters using cheaper adsorbents
including biosorbents (biomass) [16], municipal wastes, sewage sludge [17] and pig manure [18], apart from activated carbon [19]
and fly ash [20], have been studied.

Biochar is a term broadly applied to carbon-rich material obtained from the pyrolysis of organic wastes, such as biomass, manure,
sludge [21]. Biochar from various source show versatile properties which make its usage in carbon sequestration and storage [22],
supercapacitors [23], energy catalysis [24], and adsorption [25]. Biochar from various wastes have been studied for adsorption of
heavy metals [26], and organic contaminants [27], due to the existence of various modes of interaction of adsorbate on biochar surface
including electrostatic, hydrogen bonding, ion-dipole, dipole-dipole, pi-pi interaction, London forces, etc. The chromium adsorption
on biochar takes place by Cr(VI) reduction by surface oxidation of either oxygen functional groups (OFGs) [28], or Persistent Free
Radical (PFRs) [29]. The PFRs on biochar surface were studied for Cr(VI) reductive adsorption [30] which upon exposure to sunlight
increase the Cr(VI) adsorption in the presence of quinoid functional moieties on the surface of the adsorbent. The interfacial surface
transfer of electron is through an indirect reduction using the radical oxygen system (ROS) O3, HO" [31], etc. produced at the interface
of the solid and bulk liquid followed by Cr(VI) reduction and adsorption of Cr(III)/Cr(VI) ions. Due to ill-defined interaction between
biochar and Cr(VI), biochar are poor adsorbents for Cr(VI) adsorption. Rice straw biochar in particular are poor adsorbent of Cr(VI) in
comparison to biochar obtained from other biomass substrates [32]. Rice straw biochar has limited use as adsorbent due to significant
silica content, needs promotion for carbon neutral agricultural sustainable development in developing countries [33]. Cr(VI)
adsorption using biochar has been improved by either surface activation or modification of biochar surface covalently or
non-covalently i.e., surface functionalization or composite formation with inorganic/organic materials. The surface area and access to
surface functional moieties are improved by pre and post-pyrolytic activation with acids (H3PO4, ZnCly) and bases (NaOH, KOH,
K5CO3) for Cr(VI) adsorption on modified biochar [34]. The biochar functionalized with organic moieties like pre-pyrolysis co-doping
with N/S [35], and post-pyrolytic co-doping using ethylene diamine [36], chitosan [37], polyaniline [38] etc, improve the positive
surfaces charge at lower pH, improving hydrogen bonding and electrostatic interaction [39]. BiWOg [35] and TiO, [40] as inorganic
modifiers on the surface of biochar tend to improve the adsorption of Cr(VI) by photochemical reduction with adsorption. There has
been no significant study on the use of oxidized or reduced biochar for improving the Cr(VI) adsorption by reduction of adsorbate.

Thus, in continuation of our findings on Cr(VI) remediation by redox mechanism using biomass [16], fly ash [20] and composites
[41,42], it is proposed that the surface oxidation and reduction, respectively, of biochar would improve OFGs and reduced OFGs
(alcohol and phenol), furnishing adsorbent with improved Cr(VI) adsorption. The oxidized biochar would improve oxidized OFGs
including carboxylic acids, carbonyl/quinone/semiquinone, phenols and epoxide, which could improve the PFR and chelation based
mechanism [43]. One the contrary, the reduced biochar prepared from dense OFG containing oxidized biochar, will lead to reduction
based Cr(VI) adsorption. Thus, establishing the influence of oxidized and reduced OFGs on Cr(VI) adsorption confirming mechanism
on biochar surface.

2. Results and discussion
2.1. Characterization of LBC4-6, OBC4-6 and RBC4-6

Synthesis of oxidized and reduced biochar was carried out as depicted in Scheme 1. In brief, the leached biochar was oxidized by
modified Hummer’s method using KMnO4, H2SO4/H3PO4 (9:1, v/v) oxidation followed by H0, treatment [41] to furnish OBC4-6.

The oxidized biochar OBC4-6 was subjected to esterification using methanol/HCI followed by reduction with NaBH,/I in THF sus-
pension to furnish the reduced biochar RBC4-6 (Scheme 1).
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The synthesized biochar O/RBC4-6 were characterized by various proximate and ultimate analysis as given in Table 1. The ultimate
analysis of the leached, oxidized and reduced biochar L/O/RBC4-6 reveals significant change in the stoichiometry of the C, O and H
upon synthetic modifications (Table 1). The atomic ratio O/C was improved upon oxidation of LBC4-6 to OBC4-6, whereas H/C
deteriorates, which is accounted to the surface oxidation of biochar OBC4-6. Similarly, reduced biochar RBC4-6 show improved H/C
ratio, which is accounted to the reduction of OFGs in RBC4-6. The pH of the biochar L/O/RBC4-6 corroborates with the oxidation
followed by reduction of the functional moieties on surface. The oxidized biochar OBC4-6 are generally acidic in nature due to surface
oxidation which produces acidic functional group including sulphonates and carboxylates [42]. pH of modified biochar LBC4-6 and
OBC4-6 lie in range 1.63-2.05 whereas biochar RBC4-6 is neutral to slightly basic i.e., 7.0-8.0, which corroborate with the reduction of
acidic functional moieties to neutral functional groups like primary/secondary/tertiary alcohols and phenols in case of biochar
RBC4-6.

FESEM images reveal the surface morphology and porosity characteristics of the biochar surface [42]. The surface morphology of
OBC4 and RBC4 is depicted as given in Fig. 1 a-b. The biochar OBC4 showed smaller particles of biochar in comparison to biochar
LBC4. Further, the images reveal an increased porosity of biochar OBC4 in comparison to LBC4. This decrease in particle size and
increase in the porosity of biochar OBC4 could be attributed to the oxidation of skeletal carbon leading to particle breakup and
porosity. Similarly, biochar RBC4 show a closure of pores and smoother surface upon reduction with borohydride solution which
precipitates Na* ions and other coordinating organic moieties.

The surface functional group change upon redox modification of biochar was monitored using FTIR spectroscopy (Fig. S1). A broad
peak was observed at wavelength 3284.65 cm ™! for biochar OBC4, attributed to O-H stretching vibration (Fig. 1¢). Similarly, the O-H
stretching bands were observed at 3304.05 and 3291.31 cm ™}, respectively, for LBC4 and RBC4. Absorption band corresponding to the
carbonyl and carboxylate functional moieties were observed at 1744.70, 1718.27 and 1741.48 cm’l, respectively for biochar LBC4,
OBC4 and RBC4. The C—C stretching peaks of L/O/RBC4 were observed at 1622.21, 1609.96, and 1618.99 cm™!, respectively.
Adsorption band at 1089.69 cm™! observed in case of OBC4 is attributed to lactone or ester C-O stretching vibration [44,45]. Upon
adsorption of Cr(VI) on the biochar L/O/RBC4, the C=C stretching bands were shifted to 1596.42, 1621.57 and 1601.58 cm’l,
respectively [46,47].

The surface charge of biochar L/O/RBC4-6 was monitored by the zeta potential of biochar as a function of pH (Fig. 1 d-f). Biochar
L/0O/RBC4-6 showed negative potential in the pH range of 2-12, which is attributed to increased deprotonation of surface functional
groups [48,49]. The surface oxidized and reduced biochar O/RBC4-6 showed similar zeta potential at various pH [50]. However, at pH
4-10, biochar OBC4-6 showed a lowering of surface charge due to the protonation of the carbonyl/quinone moiety [51]. The biochar
RBC4-6 show an increase in negative zeta potential with pH, attributed to the deprotonation of reduced alcohol/phenols in reduced
biochar under basic conditions [52].

The surface area and pore distribution characteristics of the biochar L/O/RBC4-6 is as given in Table 1. The Ny adsorp-
tion—desorption isotherm behaviour of the modified biochar show a BET type IV isotherm with a H3-hysteresis loop indicating
mesoporous structure being intact throughout the oxidation as well as reduction of biochar [53]. However, there is a significant in-
crease in the surface area ascribed to pore development upon mineralization of carbon in case of oxidized biochar OBC4-6 [54,55]. The
pore diameter and volumetric distribution were analyzed for the biochar L/O/RBC4-6, as depicted in Fig. 1g-i. The pore diameter and
pore volume of oxidized biochar OBC4-6 showed a decrease and increase, respectively, in comparison to leached biochar LBC4-6. This
could be attributed to the carbon mineralization in case of OBC4-6. However, the pore diameter increased in case of the biochar
RBC4-6 due to the blockage of the smaller pores in OBC4 upon reduction. These findings corroborate with that observed in SEM images
of biochar L/O/RBC4-6.

2.1.1. XPS spectra

XPS studies reveal the change in surface OFGs on biochar upon oxidation followed by reduction for modified biochar L/O/RBC4.
The full survey scan of L/O/RBC4 showed negligible changes, with the Cls and Ols spectra observed at ~292 and ~584 eV,
respectively in case of modified biochar L/O/RBC4 (Fig. S2). Deconvolution of the C1s and O1s peaks were studied for the speciation

HO HO
Conc.H,SO,+ NaBH,+
OH H3P0,(9:1) Todine in THF
3104 odine in
KM1}04 Reflux
under ice cold
condition

Scheme 1. Synthesis of oxidized (OBC4-6) and reduced biochar (RBC4-6).
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Table 1
Physio-chemical and surface characteristics of Leached and modified rice straw biochar (L/O/RBC4-6).
LBC4 LBC5 LBC6 OBC4 OBC5 OBC6 RBC4 RBC5 RBC6
pH 5.41 5.36 5.00 1.63 1.84 2.05 7.44 7.63 8.90
C (%) 49.76 39.56 56.35 47.48 58.56 54.36 45.83 54.3 61.56
H (%) 5.139 4.536 2.472 3.067 2.516 1.941 3.256 2.409 2.054
N (%) 0.28 0.25 0.46 8.23 8.18 8.75 8.95 9.07 9.42
S (%) 0.46 0.23 0.28 2.516 1.556 0.257 1.217 0.587 0.481
0O (%) 19.921 28.684 12.558 16.887 4.548 8.292 16.107 9.034 9.34
H/C ratio 1.239 1.376 0.526 0.775 0.516 0.428 0.853 0.532 0.40
0O/C ratio 0.300 0.544 0.167 0.392 0.160 0.229 0.405 0.247 0.108
Ash Content (in %) 24.44 + 26.74 + 27.88 + 21.82 + 24.64 + 26.40 + 24.64 + 24.60 + 26.56 +
0.028 0.042 0.035 0.042 0.049 0.057 0.064 0.049 0.010
Volatile content (in %) 72.20 £ 57.48 + 57.20 + 70.00 + 61.40 + 52.04 + 74.72 + 68.84 + 65.84 +
0.078 0.057 0.127 0.085 0.106 0.113 0.098 0.537 0.093
Fixed Carbon content 3.36 + 15.78 + 14.92 + 8.18 + 13.96 + 21.56 + 0.66 + 6.76 + 7.60 +
0.064 0.078 0.156 0.216 0.092 0.112 0.120 0.106 0.077
Moisture Content (in 6.43 + 6.48 + 6.80 + 11.42 + 7.84 + 7.28 + 14.14 + 9.22 + 7.23 +
%) 0.059 0.037 0.064 0.051 0.091 0.049 0.134 0.118 0.043
Surface Area (ng’l) 6.033 9.159 79.045 8.574 24.353 30.765 7.379 12.671 12.502
Average Pore Diameter 26.816 20.739 4.682 14.525 6.534 9.603 15.734 15.234 19.521
(nm)
Pore Volume (BJH) 0.0588 0.054 0.1045 0.0332 0.0793 0.0677 0.0265 0.0321 0.0516

(Vp) (em® ™)

dynamics during chemical transformation and adsorption using the modified biochar L/O/RBC4 (Fig. 2 a-f). Deconvolution of Cls
peak of LBC4 revealed four major peaks at 283.53 (3.39 %), 284.02 (35.24 %), 284.66 (39.81 %), 286.24 (21.56 %) and a minor peak
at about ~288 eV, accounted to the presence of C-C (graphite skeleton), C-O(alcoholic/phenolic), C=0O (ketone/aldehyde),
carboxylate and lactones, respectively [42]. A shift in the deconvoluted Cls peaks was observed in case of OBC4 in comparison to
LBC4. The C1s peaks for biochar OBC4 were observed at 284.33 (28.69 %), 285.06 (33.29 %), 286.23 (18.99 %) and 288.65 (19.02 %)
eV, which could be accounted to the C-O, C=0, carboxylate and lactones, respectively. These results show a significant loss of
graphitic skeleton on the surface of biochar OBC4, which is attributed to the mineralization of carbon upon oxidation of LBC4. Further
the peak observed at 288.65 eV is significant, accounted to oxidation of biochar OBC4 leading to OFGs undergoing lactone cyclization
under acidic conditions of reaction [41]. The deconvoluted Cls peak with an increase in the peak area for unsaturated OFGs likes C—=0
and COO, respectively, at 285.06 and 286.23 eV. Further deconvoluted Ols peaks at 530.97 (14.00 %), 531.85 (23.61 %), 532.59
(34.39 %) and 533.33 (28.05 %) eV, are attributed to Inorganic-O, OH, COOH, COO ions, respectively, whereas in case of OBC4, they
deconvolute at 531.47 (12.14 %), 532.27 (23.84 %), 532.94 (33.95 %) and 533.67 (28.0 %) eV, respectively. There is a significant
increase in carboxylate oxygen with loss of C-OH [56]. Thus, the XPS studies confirm the oxidation of LBC4 surface to yield oxidized
biochar OBCA4.

Reduced biochar RBC4 showed a significant change in the XPS spectra as compared to OBC4. The Cls deconvoluted peaks of RBC4
at 283.99 (28.23 %), 284.63 (34.73 %), 285.82 (21.92 %) and 288.04 (15.11 %) eV, respectively for C-OH, C=0, COO and lactone
functional groups (Fig. 2¢). The results show a significant decrease in the Cls peak area at 288.04 and 285.82eV, whereas peak at
284.63 eV, show a marginal decrease, which could be attributed to the existence of epoxide/carbonyl groups which have tendency to
get reduced, in comparison to carboxylic and lactone moieties. Thus, reduction of OBC4 with a decrease in carboxylic functional group
and increase in the phenolic/alcoholic moieties observed in reduced biochar RBC4.

Upon Cr(VI) adsorption onto biochar OBC4, deconvoluted C1s peak were observed at 284.33 (27.49 %), 285.04 (38.96 %), 286.23
(20.62 %) and 288.65 (12.93 %) eV, respectively, characteristic of C-OH, C=0, COO and lactone (Fig. 3a). The deconvoluted peaks
due to Cr(VI)-OBC4, a significant change in the peak area upon Cr(VI) adsorption. There is an increase in the area under the C1s peak at
285.04 eV and 286.23 eV, whereas the area under the peak at 284.33 eV showed a decrease. These changes in the C1s peak is attributed
to the oxidation of the C-OH functional groups to carbonyl and carboxylate functional groups during the adsorption of Cr(VI) using
OBC4.The high resolution Cr2p spectra of Cr-adsorbed OBC4 are as shown in Fig. 3c. The peaks corresponding to Cr2ps,, and Cr2p; 2
were visible at 577.98 and 587.92 eV, respectively. Upon deconvolution three pair of peaks at (577.52, 587.19), (578.38, 581.85), and
(571.46, 573.87) eV, for (Cr2ps,2, Cr2p; ) are characteristic of Cr(VI), Cr(III) and Cro, respectively. Thus, the oxidation of biochar
OBC4 in presence of Cr(VI) is evident from the presence of Cr(IIl) and Cr? in Cr-sorbed OBC4. Resonate changes were observed in case
of 015 peaks which showed high resolution peaks at 531.47, 532.31, 533.05 and 533.83 eV (Fig. 3b). Upon comparison with the O
peaks of OBC4, significant decrease in the peak area for Ols peak of C-O-H peak at 532.31 eV, with an increase in the peak area at
533.05 and 533.83 eV were observed. These changes corroborate with the adsorption of Cr(VI) onto biochar OBC4, which takes place
with the reduction of Cr(VI) to Cr(III) ions followed by adsorption of Cr(III) ions by favourable ion-exchange phenomenon. Meanwhile,
the carbon skeleton of biochar underwent oxidation to carboxylic acid and carbonyl group in Cr adsorbed OBC4 [57].
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Fig. 1. Physicochemical characteristics of oxidized and reduced biochar: SEM images of (a) OBC4;(b) RBC4;(c) FTIR spectra of L/O/RBC4 and Cr
(VI) adsorbed L/O/RBC4; Zeta potential of (d) O/RBC4 (e) O/RBC5 and (f) O/RBC6; BET adsorption-desorption curve of (g) OBC4-6, (h) RBC4-6;
and (i) corresponding volumetric pore size distribution BJH Plot for L/O/RBC4.

2.2. Adsorption studies and isotherms

2.2.1. Effect of pH on Cr(VI)

The pH of solution plays a vital role in speciation and adsorption of chromate ion in aqueous solution. Thus, to study the effect of
initial pH on Cr(VI) removal, adsorption studies were performed in the pH range of 3-10 with adsorbent dose of 0.1 g/L using 10 mg/L
Cr(VI) solution for 24 h (Fig. 4a). For the biochar L/O/RBC4-6, the Cr(VI) uptake efficiency decreased as pH increased from 3 to 10,
with maximum adsorption observed at pH 3. The Q. for Cr(VI) adsorption on biochar LBC4-6, OBC4-6 and RBC4-6 are respectively,
7.50, 5.31 and 5.78; 16.55, 12.65 and 6.25; 13.28, 9.37, and 6.56 mg/g. Adsorption of Cr(VI) on L/O/RBC4 decreased with increase in
initial pH of Cr(VI) aqueous solution from 3 to 10 as 9.06 to 3.59, 19.83 to 7.65 and 22.80 to 0.16 mg/g, respectively.The higher
removal efficiency for Cr(VI) at lower pH is ascribed to (a) surface protonation of biochar O/RBC4-6, resulting in lowering of negative
charge on surface, and protonation of chromate ions (HCrOy ), which reduces electrostatic repulsion between protonated chromate and
the surface of modified biochar [58,59].Under acidic pH reduction of Cr(VI) is also favoured. At higher pH, Cr(VI) exists as a dianion
(Cr0%7) and deprotonated carboxylate surface of O/RBC4-6 are both unfavourable for electrostatic interaction leading to poor electron
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Fig. 1. (continued).
transfer as well as adsorption [47,58].

2.2.2. Effect of LBC4-6, OBC4-6 and RBC4-6 dose on Cr(VI) adsorption

Effect of biochar L/O/RBC4 dose on Cr(VI) adsorption were investigated by varying the amount of adsorbent from 0.05 to 0.20 g/L
using 10 mg/L aqueous Cr(VI) solution maintained at pH 3 (Fig. 4b). As the adsorbent dose of L/O/RBC4 increased from 0.05 to 0.20 g/
L, the Cr(VI) removal increased from 5 to 11 %, 10-34 %, and 8-32 %, respectively. This increase in removal efficiency of L/O/RBC4
with dosage could be attributed to the increase in the number of available reactive/adsorptive sites on biochar with increase in
adsorbent dosage [60]. Similarly, with an increase in the adsorbent dose, the adsorption efficiency (Q.) showed an optimum at 14.21,
20.93 and 20.14 mg/g, respectively for L/O/RBC4 at 0.1 g/L dosage (Fig. 4b). There is marginal decrease in the adsorption efficiency
upon increasing the dose which could be attributed to increase in number of pores is not linear with the increase in adsorbent dose i.e.,
there is an increase in adsorbent collision which result in this disproportionate behavior [61].

2.2.3. Effect of initial Cr(VI) concentration on adsorption by LBC4-6, OBC4-6, and RBC4-6 and adsorption isotherms

Cr(VI) uptake equilibrium was investigated by varying initial concentration of aqueous Cr(VI) solution from 2 to 10 mg/L
maintained at pH 3, adsorbent dose of 0.1 g/L and contact time of 24 h (Fig. 4c—e). The removal of Cr(VI) decreased with increase in
initial Cr(VI) concentration from 13.24 to 7.88, 12.06 to 5.58 and 11.38 to 6.08 %, respectively, for leached biochar LBC4, LBC5 and
LBC6.The increase in the number of Cr(VI) with increase in initial concentration, compete for same quantity of available active sites on
the adsorbent thus leading to decrease in Cr(VI) removal upon adsorption using LBC4-6 [62]. Similar trend of decrease in Cr(VI)
removal efficiency with increase in initial concentration of Cr(VI) was observed in case of oxidized and reduced biochar O/RBC4-6.
However, in case of oxidized and reduced biochar (O/RBC4-6), the Cr(VI) removal efficiency were atleast three-fold higher than
that of the LBC4-6. This clearly indicates that oxidized and reduced biochar have conducive environment on their surface for
adsorption of Cr(VI). In case of oxidized biochar, the adsorption efficiency (Q.) werel7.47, 13.23 and 9.60 mg/g, respectively for
modified biochar OBC4, OBC5 and OBC6. The Cr(VI) adsorption efficiency (Q.) was 15.26, 9.54 and 7.24 mg/g, respectively, for RBC4,
RBC5 and RBC6. OBC4-6 and RBC4-6 show similar adsorption of Cr(VI) ions, thus indicating a common mechanism underlying the
interaction of the Cr(VI) with the surface of modified biochar.

Further insight into the type of interactions between the adsorbent and adsorbate is obtained by fitting the equilibrium Cr(VI)
concentration to non-linear Langmuir [63] and Freundlich adsorption isotherm fit were studied (Fig. 5).The non-linear form of
Langmuir isotherm (Eq. (1)) is given as follows
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Fig. 2. XPS studies of L/O/RBC4 (a), (b), and (c) for Cys, and (d), (e), and (f) for O,5 XPS studies High resolution X-ray photoelectron spectra of
leached biochar and modified biochar.

CeQmKL
0.= 1+K,C, (€D)]
where Qy, is the maximum adsorption capacity (mg/g), Ce is equilibrium Cr(VI) concentration (mg/L), Q. is amount of Cr(VI) adsorbed
under equilibrium(mg/g) and Kj, is Langmuir constant (L/mg). The maximum adsorption capacity (Qp,) obtained from Langmuir model
(Table 2), for modified biochar can be arranged in decreasing order as OBC4 (17.47 mg/g) > RBC4 (15.23 > OBC5 (13.23) > LBC4
(10.23) > RBC5 (9.83) > OBC6 (9.60) > RBC6 (7.24) > LBC5 (6.32) > LBC6 (5.98 mg/g). This trends suggests the Cr(VI) adsorption
was poor in case of LBC4-6 (Fig. 5a) in comparison to OBC4-6 (Fig. 5b), and RBC4-6 (Fig. 5c), which could be accounted to the
increased abundance of oxygen functional moieties in O/RBC4-6. Freundlich isotherm [64] on the other hand assumes multi-layer
coverage on adsorbent heterogeneous surface. The non-linear form of this model (Eq. (2)) is expressed as follows-
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Fig. 3. XPS studies of Cr(VI)-adsorbed by OBC4; (a) Cis, (b) Oys and (c) Crap, X-ray photoelectron spectra of oxidized biochar (OBC4) after Cr

(VD-adsorption.

1
Qe = KFCE/"

2

where Kp is Freundlich constant related to adsorption capacity and n is related to adsorption intensity. If the value of 1/n < 1, the
adsorption is spontaneous and cooperative. In the present study, the value of 1/n for all the biochar were in the range of 0-1, which
signifies spontaneous Cr(VI) adsorption on the modified biochar L/O/RBC4-6 [65]. The Cr(VI) adsorption using modified biochar
L/O/RBC4-6 showed a better fit with Freundlich model compared to Langmuir model as inferred from the R? values for both the
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Fig. 4. (). Effect of pH 3-10 on Cr(VI) (0.01 g/L) removal; (b). Effect of adsorbent dose on (0.05-0.20 g/L) Cr(VI) (0.01 g/L) removal by L/O/
RBC4; and (c-e). Effect of initial Cr(VI) concentration (2-10 mg/L) adsorption by LBC4-6, OBC4-6, and RBC4-6 (LBC4-6 = Leached biochar 400,

500, and 600.
models (Table 2), which is consistent with a lognormal decrease in heat of adsorption with occupancy on the surface of adsorbent.

2.2.4. Effect of contact time and kinetic model analysis
The effect of contact time on Cr(VI) removal using modified biochar L/O/RBC4, was studied for time ranging from 0 to 24 h at pH 3,

biochar dosage of 0.1 g/L and initial Cr(VI) concentration 0.01 g/L (Fig. 6 a-c). The removal of Cr(VI) increased with contact time in
case of all the biochar. The Cr(VI) adsorption onto biochar increased up to 14.6, 21.6 and 19.5 %, respectively for LBC4 (Fig. 6a), OBC4
(Fig. 6b) and RBC4 (Fig. 6¢) within 7 h of equilibrium. Non-linear fitting of the kinetic behavior for Cr(VI) adsorption using L/O/RBC4
was studied by Pseudo first order (PFO) (Eq. (3)), Pseudo second order (PSO) [66] (Eq. (4)), Intraparticle Diffusion (IPD) [36] (Eq. (5)),
liquid film diffusion (LFD) [67] (Eq. (6)), and Elovich [13] (Eq. (7)) as follows:

Pseudo first order (PFO)Q, =Q, (1 —e™*") 3)

2
_ kQ.t [O))

Pseudo second order (PSO)Q, = 1 kQu
t\e
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Fig. 5. Non-linear regression fit of Langmuir and Freundlich adsorption isotherm model for Cr(VI) adsorption by (a). LBC4-6, (b). OBC4-6, and (c).

RBC4-6.

Table 2
Langmuir and Freundlich isotherm characteristics of LBC4-6, OBC4-6 and RBC4-6 for Chromium [Cr(VI)] adsorption.

Adsorbent Langmuir isotherm Freundlich isotherm
Qmax (Mg/g) Ky, (L/mg) R? SSE Ky (L/mg)) n R? SSE

LBC4 10.23 0.206 0.972 1.762 1.490 1.625 0.995 1.453
LBC5 6.32 0.997 0.928 1.461 1.152 2.252 0.919 0.585
LBC6 5.98 0.308 0.867 2.859 1.216 1.907 0.964 1.406
OBC4 17.47 0.807 0.933 4.911 8.184 3.343 0.956 81.743
OBC5 13.23 0.524 0.923 11.559 3.565 2.012 0.970 14.318
OBC6 9.60 0.189 0.919 1.692 1.917 2.557 0.968 3.938
RBC4 15.27 0.882 0.974 1.368 7.279 3.736 0.979 59.323
RBC5 9.83 0.542 0.906 3.743 2.995 2.696 0.967 9.747
RBC6 7.24 0.361 0.949 1.571 1.387 1.835 0.985 2.408

Qm is the maximum adsorption capacity (mg/g); Ky, is Langmuir constant (L/mg); Ky is Freundlich constant related to adsorption capacity; n is related
to adsorption intensity.
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Fig. 6. Intra-particle diffusion (IPD), Elovich, Liquid film diffusion (LFD), Pseudo- first order (PFO), and Pseudo-second order (PSO) model fitting
plots of Cr (VI) removal for (a—c) initial concentration (0.01 g/L) of Cr (VI) using leached and modified biochar (a) LBC4, (b) OBC4, and (c) RBC4.
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Intraparticle diffusion (IPDQ, =k,Vt+ C ()]
Liquid film diffusion (LFD)Q, =Q, (1 — e ™" ) (6)
Elovich equationQ, =p In af + pInt )

Where, Q. (mg/g) and Q; (mg/g) are the amounts of adsorbate uptake per mass of adsorbent at equilibrium and at any time t (min),
respectively, and ky(min™1); Ko (g/mg min); k, (mg/g min'/?); Keq (min™1); is the rate constant of the PFO, PSO, IPD, and LFD equation
and C is a constant for any experiment (mg/g) referring to characteristic of boundary layer for IPD equation. Whereas o (mg min %) is
the initial removal rate; p (g mg ") is a constant associated with surface coverage and activation energy for Elovich equation and Re is
Elovich equilibrium parameter, where Elovich equilibrium parameter is given as R, = f/Q..

The results showed that the PSO, IPD and Elovich model showed better fit for adsorption of Cr(VI) onto L/O/RBC4 with the Q.
closer to Qp, (obtained from Langmuir isotherm fit) (Table 3). The PSO rate constant for Cr(VI) adsorption on biochar LBC4, OBC4 and
RBC4 were respectively, 3.17 x 1072, 1.12 x 10 2 and 6.81 x 103 g/mg min !, which show a strong concentration dependence of
adsorption in case of OBC4 and RBC4 in comparison to LBC4. PSO and Elovich model fit indicates the chemisorption of Cr(VI) onto the
adsorbent biochar [68,69]. The desorption parameter (b) was found to be more in case of modified biochar OBC4 and RBC4, in
comparison to LBC4. The Elovich equilibrium parameter (Re) for LBC4 and OBC4 is found to lie between 0.3 and 0.02, which indicates
type II mild rising curves [70]. Intraparticle diffusion fit showed an intercept which closely resembled the maximum adsorption,
followed by the diffusion characteristics inside the biochar.

3. Regeneration studies

Leached, oxidized, and reduced biochar L/O/RBC4 was used in batch desorption studies for Cr(VI) (Fig. 7). In equilibrium at pH 3,
for a 24 h contact time, 0.5 g/L of L/O/RBC4 was added to 10 mg/L of Cr(VI) solution to furnish saturated Cr(VI)-adsorbed L/O/RBC4.
The Cr(VI)-adsorbed LBC4 obtained was studied for desorption characteristics with 1 M NaOH, 1 M HCI, and methanol, as stripping
agents [42]. The initial adsorption of Cr(VI) was 8.51, 13.18 and 8.96 mg/g observed for L/O/R BC4 during the first adsorption cycle.
Upon desorption with 1 M NaOH, 1 M HCI or methanol and stripping time of 1 h, a maximum desorption based recovery was observed
for Cr(VI) using 1 M NaOH as stripping agent up to 3.26, 2.25 and 0.99 mg/g, respectively for biochar LBC4. Thus desorption of the
OBC4 and LBC4 was carried out in 1 M NaOH and furnish quantitative Cr recovery of >98 %. The improved desorption in case of
oxidized and reduced biochar (O/RBC4) is attributed to the ion-exchangeable Cr(III) on the surface of these biochar. The biochar
L/O/RBC4 regenerated from the first cycle of adsorption-desorption, showed poor adsorption in the second cycle with adsorption of
5.70, 6.31 and 5.22 mg/g which is attributed to the destruction of the pore during the alkali treatment.

Table 3
Non-linear fit of adsorption kinetics for Cr(VI) removal by leached and modified biochar.
LBC4 OBC4 RBC4
PFO Q. (mg/g) calculated 14.40 21.243 18.630
Ki(h™h 0.190 0.148 0.099
R? 0.614 0.683 0.789
SSE 5.417 22.420 24.913
PSO Qe (mg/g) (calculated) 14.830 21.946 19.350
Kz (g/mg h) 0.032 0.011 0.0068
R? 0.753 0.790 0.852
SSE 3.826 15.688 18.399
IPDM Kipa (mg/g h'/?) 0.179 0.435 0.456
C; (ng/g) 12.120 14.840 11.03
R? 0.960 0.994 0.970
SSE 0.792 0.523 3.939
Elovich a (mg/gh) 5.47 x 10° 141.115 4.713
A (g/mg) 0.809 1.964 2.359
R? 0.896 0.948 0.965
SSE 1.705 4.203 4.521
LFDM Q. (mg/g) 14.401 21.242 18.629
Kfq 0.190 0.148 0.099
R? 0.611 0.682 0.792
SSE 5.417 22.420 24.913

Q. (mg/g) is the equilibrium adsorption.

k; (min™Y); k (g/mg min); k, (mg/g min'/2); keq (min~1) are the rate constant of the PFO, PSO, IPD, and LFD equation and.
C is a constant characteristic of boundary layer for IPD equation.

o (mg min~?) is the initial removal rate.

B (g mg™") is a constant for surface coverage and activation energy.
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Fig. 7. Adsorption—desorption cycle performance for batch adsorption of Cr(VI) (0.1 g L™!) at pH 3 onto L/O/RBC4 biochar and desorption using 1
M NaOH.

4. Cr(VI) adsorption mechanism

The FTIR and XPS analysis of the Cr(VI) adsorbed biochar reveals the reduction of Cr(VI) in presence of the biochar L/O/RBC4-6.
However, the high pyrolysis temperature (PT) biochar (L/O/RBC6) show less Cr(VI) adsorption in comparison to lower PT biochar (L/
O/RBC4). Thus, there is a significant role of the OFGs on biochar surface in Cr(VI) adsorption. Further it is observed that the OFGs
undergo tremendous change in the O1 speak in XPS for biochar OBC4, which strengthens the role of oxygen functional groups in the Cr
(VI) adsorption [71]. The OBC4 has more oxidized carboxylate functional moieties whereas RBC4 has reduced functional moieties, as
evident from the XPS and FTIR studies. Thus, the reduction of RBC4 was expected to a greater extent than in case of OBC4. On the
contrary, the results reveal OBC4 as the candidate with higher adsorption efficiency. This fact could be attributed to the ability of OBC4
to accommodate the reduced Cr(III) ions on its surface in comparison to the reduced biochar RBC4 [68]. Thus based on the above facts,
the mechanism proposed for the adsorption of Cr(VI) onto biochar L/O/RBC4 is as depicted in Fig. 8. The alcoholic and phenolic
moieties on all the modified biochar are reduced. Whereas the carbonyl and carboxylate moiety tends to bind and chelate the Cr(III)
ion. Thus, as the OBC4 has more chelating functional groups apart from reducing phenol groups on the biochar, the Cr(VI) adsorption
via reduction and chelation of Cr(Ill)is optimum in OBC4.

The adsorption of Cr(VI) by leached rice straw biochar (LBC4-6) is less than that depicted in Table 4. This could be attributed to the
high ash content of rice straw and subsequently leached biochar obtained [42]. However, the Cr(VI) adsorption using oxidized and
reduced biochar is found to be at par with other biochar reported in literature. Thus, by modification of rice straw biochar by oxidation
and reduction of adsorbent with two-fold improvement in adsorption efficiency is obtained.

in aqu.
Solution

Chelation OH
Cr(I) s

(0]

Fig. 8. Mechanism of Cr(VI) adsorption on the surface of leached, oxidized and reduced biochar (L/O/RBC4-6).
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Table 4

Comparative study of adsorption capacities of various biochar with L/O/RBC4-6 for Cr(VI) Removal.
Adsorbent (Biochar) Qe (mg/g) References
Cherry biochar 16.01 [72]
Oleaster biochar 24.65 [72]
Wheat straw 24.60 [73]
Wicker biochar 23.60 [73]
Rice husk biochar 23.1 [74]
CTAB-Peanut Shell biochar 2293 [75]
Peanut shell biochar 18.54 [75]
Cotton Stalk 15.56 [76]
Walnut shell 17.72 [76]
Hematite-modified biochar—clay granular 19.51 [771
Ball-milled Fe® —biochar composite 14.59 [78]
Leached rice straw biochar (LBC4) 10.23 Present study
Oxidized biochar (OBC4) 17.47 Present study
Reduced biochar (RBC4) 15.27 Present study

5. Conclusion

Present study involving leached, oxidized and reduced biochar (L/O/RBC4-6) emphasized on the role of dynamic functional groups
like lactones, carboxylate and phenolic apart from surface area and surface charge to have a considerable impact on the adsorption of
the Cr(VI). The work establishes the mechanism of adsorption of Cr(VI) onto biochar to be reductive chelation on the surface of
biochar. However, the reducing characteristics of modified biochar has no direct influence on the adsorption of Cr(VI) onto biochar.
The oxygen functional groups (OFGs) with balance of both reducing characteristics and chelation of reduced chromium [Cr(II)] are
essential for maximum efficiency of biochar/modified biochar. Cr(VI) adsorption using OFGs on biochar surface is quit complex and
needs to be investigated for other appropriate functional group on biochar for Cr(VI) adsorption. The organic functional characteristics
of biochar could affect the biochar capacity to adsorb Cr(VI) oxoanions and need further investigations for efficient adsorbents based
on biochar.

6. Experimental section
6.1. Material

Acetic acid, hydrogen peroxide, KoCrO7, H2SO4, KMnOy4, 0.1 N HCI, 0.1 N NaOH, acetone, methanol and 2,4-diphenylcarbazide
used for the studies are highest purity grade and purchased from Loba Chemie and utilised without further purification. All the re-
agents solution was prepared using deionized water.

6.2. Synthesis of oxidized (OBC4-6)

Rice straw biomass was collected from the agriculture field near the Bathinda city, Punjab, India. Air-dried the straw and chopped
the straw to obtain the 1.18 mm sized using a sieve of equivalent mesh. The synthesis of adsorbents as biochar from rice straw at 400,
500 and 600 °C was performed in order to evaluate the characteristics and potential applications of the resulting materials. Rice straw
was pyrolyzed in a muffle furnace at different temperatures 400 °C (BC4), 500 °C (BC5) or 600 °C (BC6) and a heating rate of 10 °C/
min. The pyrolysis biochar BC4, BC5, or BC6 was subjected to acid leaching under TCLP condition [42]. Biochar was added to leachant
(acetic acid with pH 2.8) in liquid-solid ratio of 20:1 (500 mL/25 g) in polythene bottles and shaking in an overhead shaker for 24 h.
Further, the sample was filtered under vacuum to obtain the leached biochar (LBC4-6) respectively from biomass pyrolyzed biochar
BC4-6 [42]. The leached biochar LBC4-6 were oven-dried at 105 F2 °C for 24 h and store in air tight lid plastic container. Oxidized
biochar were synthesis by modified Hummer’s method.

6.3. Reduced biochar (RBC4-6)
The reduced biochar (RBC4-6) were synthesize from the oxidized biochar, firstly by esterification of oxidized biochar (OBC4-6)
using methanol/HCl followed by reduction with NaBH,4/I, suspension in THF (Scheme 1) [79]. The reaction was reflux for 5 h and

subsequently the excess NaBH4 was quenched by addition of methanol. The reduced biochar (RBC4-6) was obtained upon filtration of
the suspension under vacuum and subsequently washing with deionized water.

6.4. Characterization of modified biochar
Leached biochar (LBC4-6), modified oxidized biochar (OBC4-6), and reduced biochar (RBC4-6) were characterized for pH using the
pH meter (Model- PH 550 PH/mV/meter, OAKTON), ash content; surface morphology using CARL-ZEISS Merline Compact, functional

groups using BRUKER TENSOR-27 Fourier Transform Infra-Red (FTIR) spectrometer, surface charge using Anton Paar XT-500
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Zetasizer; elemental composition using ELEMENTAR, Model UNICUBE and X-ray photoelectron spectroscopy Model Thermoscientific
NEXA. Surface area, pore volume, and pore size of biochar sample measure using Brunauer-Emmett-Teller (BET) equation with
multipoint adsorption isotherm of Ny at 77 K using a gas sorption analyser (BELSORP MAX analyser). The TCLP leached biochar were
characterized and reported earlier [42], a comparative note would be addressed at relevant discussions.

6.5. Batch adsorption study

Batch adsorption studies were carried out at room temperature by dosing adsorbent at 0.1 g/L to a 100 mL Cr(VI) solution in
Erlenmeyer flasks. The effect of pH (3-10), adsorbent dose (0.05-0.20 g/L), initial Cr(VI) concentration (2-10 mg/L) and contact time
(0-24 h) were studied. For batch adsorption studies, to a 100 mL of Cr(VI) solution (2-10 mg/L) in the flask, pH maintained at 3 using
0.01 N HCl/NaOH solution and 10 mg of adsorbent (L/O/RBC4-6) was added. The flasks were kept in a rotary shaker at 180 + 5 rpm
for 24 h at 25 + 2 °C. The batch samples were centrifuged at 7800 rpm for 15 min, supernatant was collected and analyzed for Cr(VI)
concentration using 1,5-diphenylcarbazide method [61,80]. The equilibrium adsorption capacity (Q.) and percentage removal (% R)
of Cr(VI) were calculated using Eq. (8) and Eq. (9), respectively [13,81].

(C(} - CQ)V

W ®

Qe:

G —-Ce

0

% R x 100 9

where Cy and C, are the initial and final equilibrium concentration of Cr(VI) (in mg/L), V is the volume of solution taken (in L) and W is
the amount of biochar used for adsorption (g).

For the kinetic studies, to a 10 mg/L aqueous Cr(VI) solution was added 0.10 g/L of adsorbent L/O/RBC4 maintained at pH 3 and
shaken under 180 +5 rpm at 25 + 2 °C. The aliquot of the sample was taken at different time intervals and Cr(VI) analyzed.

6.6. Statistical analysis of adsorption isotherm and kinetics

MS-Excel with data Solver add-ins has been used to perform the nonlinear regression and error analysis for Cr(VI) adsorption. Sum
of square error (SSE) minimization was used to do a nonlinear regression analysis of the adsorption equilibrium for the Langmuir,
Freundlich, PFO, PSO, Elovich, IPD and LFD kinetics models (Eq. (10)).

SSE= Y (Qimodet = Qep) 0

n
i=1

where SSE stand for Sum of square of error, Qj, exp and Qi, model represents the average of experimentally measured and predicted,
experimentally measured Q values, respectively. n stand for the number of experimental points of fitted model.
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